Under typical experimental conditions the concentration of alkali cations such as Na + is orders of magnitudes higher than that of protons resulting in the migration of Na + from anode to cathode (Harnisch et al. 2008; Rozendal et al. 2006a ). This effect has been suggested to be industrially exploited for the production of caustic soda (Rabaey et al. 2010 ).
In laboratory trials, the problem of anolyte acidification is often masked by dosage of pH buffer or alkali (Cheng et al. 2010; Rozendal et al. 2008a ). However, these pH control strategies are not sustainable as pH controlling chemicals must be externally added to the process. To approach self-sustaining pH control for CEM-BES without using external chemicals, the migrating cation species across the CEM should posses four properties: (1) it must be an alkaline species neutralizing the excess protons in the anolyte; (2) upon reacting with proton it becomes a cation that migrates across the CEM to the catholyte to maintain charge balance; (3) in the catholyte, it readily dissociates and releases the proton and hence replenishes the proton consumed in the cathodic reaction; (4) upon releasing the proton in the catholyte, the species can be recycled for neutralizing the anolyte again (Cord-Ruwisch et al. 2011).
Amongst all cation species typically found in wastewaters (e.g. Na ) is the only species that fulfils all the above criteria.
It has a characteristic acid-dissociation constant (pKa value) of 9.25 (25 o C). Hence, once it has migrated across a CEM to the catholyte, where the localized pH exceeds 9.25, it dissociates predominately as free volatile ammonia (NH 3 ) which can be recovered as a gas ( Figure 1 ). The concept of using NH 4 + as a proton shuttle in a CEM-equipped BES (CEM-BES) has been evaluated in our recent work (CordRuwisch et al. 2011). The ammonia recycling was achieved by continuously stripping the catholyte with nitrogen (N 2 ), which was directed through the acidified anolyte to close the loop. N 2 was used to maintain anaerobic condition required for the microbial anodic reaction. However, N 2 stripping is impractical as it incurs substantial energy input and creates large volume of low-value off-gas. In order to use the very effective principle of ammonia recycling for the sustainable operation of BES, a simple low energy input approach is required.
This work examined a new approach to sustain current generation in a CEM-BES by internal ammonia recycling without using N 2 stripping. The idea is based on the well-known phenomenon where under anaerobic and highly reducing conditions (e.g. ≤ -500 mV vs. Ag/AgCl), a BES cathode produces hydrogen gas. This gas stream is in principle a vector that could help driving the volatilized ammonia out of ). The aim of this study was to develop an effective way of sustaining BES operation by maintaining suitable anodic pH levels using ammonia from the cathode as the alkalinity carrier. In contrast to our previous work (CordRuwisch et al., 2011), a more efficient (10 fold higher current density) anodic biofilm was used to demonstrate the concept of ammonia recycling in a BES.
Bioelectrochemical system configuration and process monitoring
A two-chamber CEM-BES was used in this study. It was made of transparent Perspex and has a similar configuration as the one described in an earlier work L of anolyte and catholyte were continuously recirculating through the anodic and catholyte half cell, respectively at a rate of 6 L h -1 . The CEM-BES was operated in batch mode at ambient temperature (25 ± 3 o C).
Ammonia recycling apparatus and its integration with the CEM-BES
An ammonia-recycling apparatus was designed to enable recycling of ammonia from the cathodic headspace to the anolyte ( Figure 2 ). It was constructed by gluing two 390-mL modified polyethylene terephthalate-made plastic containers together side by side with a common open window between them (5 cm × 4 cm). The two containers were hydraulically separated from each other but were hydraulically connected with the anodic and cathodic half cell of the BES, respectively. As such, one container received the anolyte recirculation stream and the other the catholyte recirculation stream. The common window was sealed with a gas permeable fibre cloth (6 cm × 5 cm), which was mounted at the anodic side and was continuously trickled with the anolyte. After trickling through the cloth, the anolyte was recirculated back to the BES anode.
As both the influx and out flux rate of anolyte were identical (6 L h -1
), a fixed volume of anolyte (ca. 50 mL) was always retained in the apparatus. At the cathodic side of the apparatus, the catholyte from the BES cathode was continuously sprinkled over the catholyte reservoir (ca. 50 mL) to facilitate ammonia volatilization within the cathodic container. Since the cathodic BES half cell was gas-tight, any build up of gas pressure would help drive the ammonia-containing gas in the cathodic container through the gas permeable cloth and the laminar flow of anolyte. This facilitated the dissolution of ammonia gas into the acidified anolyte. After retrofitted with the gas exchange apparatus, the total volume of both the working and counter electrolyte was reduced to about 220 mL. The recirculation rates of both the anolyte and catholyte were kept at 6 L/h, corresponding to a hydraulic retention time of about 30 seconds for both anolyte and catholyte in the apparatus.
Experimental procedures
Experiments were conducted to first investigate the effect of anolyte acidification on the anodic biofilm activity (current production). No ammonia recycling was implemented during this period. The initial biofilm establishment was facilitated by actively controlling the anolyte pH at around 7 using feedback dosing of To demonstrate the effect of recycling the ammonia containing off-gas from the cathode to the anodic half cell, the catholyte in the recirculating bottle was continuously stripped with a pure nitrogen gas stream (~1 L min -1 ) which was then introduced back into the anolyte, completing an NH 3 recycling loop. Current, anolyte pH, acetate, ammonium, sodium and potassium concentrations were recorded over a period of two days with or without NH 3 looping. To verify whether the ammonia transfer from the cathodic headspace to the anolyte could sustain the anodic biofilm activity, the BES was retrofitted with the ammonia recycling apparatus as described above. The effect of looping (i.e. gas exchanged was enabled via gas permeable cloth)
on electrolyte pH and current was evaluated over an operational period of about 100 hours.
Chemical analysis
Liquid samples taken from the BES were immediately filtered through a 0. 
Anolyte acidification severely limited current generation
The reactor described above was started up and operated to quantify the effect of pH drifts typically observed in CEM-equipped bioelectrochemical systems. After approximately two days of incubation, anodic current evolved gradually indicating that the microbial inoculum in the anodic chamber became electrochemically active.
As expected, the current generation coincided with an acidification of the anolyte (pH 5.5) and an alkalization of the catholyte (pH 13), respectively ( Figure 3A ).
As the working electrode (biofilm anode) was maintained at a constant potential (-300 mV) and the substrate was not limiting (acetate, > 10 mM), the observed current decline which followed the anodic acidification indicated that the 
Effect of anolyte neutralisation on current production
The pH neutralisation by the traditional NaOH addition was replaced by using an ammonium hydroxide solution. Neutralizing the anolyte acidity to pH 7 by dosing ammonium hydroxide immediately resumed current production (at 110 h, Figure 3 ).
Prolonged current generation necessitated the demand of ammonium hydroxide, suggesting that this pH control approach could effectively sustain the anodic activity of the biofilm. As long as the anolyte pH was maintained neutral, the established biofilm could effectively catalyze acetate oxidation with a good coulombic recovery (>80%) (Figure 4 ).
The intermittent dosing of ammonium hydroxide into the anolyte resulted in a gradual increase of ammonium concentration in the catholyte, reaching a level of about 90 mM NH 4 + -N ( Figure 3B ). Although ammonium hydroxide was continuously added to the anolyte, its concentration stayed approximately 10-fold lower than in the catholyte ( Figure 3B ). Clearly, the ammonium kept migrating against its concentration gradient from the anolyte to the catholyte across the cation exchange membrane. Of the amount of ammonium migrated from the anolyte to the catholyte, 88.7% of the ammonium was lost from the catholyte (data not shown). Such a loss was most likely due to the high catholyte pH (>11) that favours the dissociation of ammonium as free ammonia and its volatilization from the catholyte.
Effect of NH 3 recycle from cathode to anolyte via N 2 gas stream
To quantify to what extent recycling the migrated ammonium from catholyte back to the anolyte could overcome the detrimental anolyte acidification, N 2 gas was purged in series through the catholyte and then through the anolyte ( Figure 5 ). Before allowing the N 2 flow, the CEM-BES responded to the addition of an acetate spike (10 mM) not only by producing an anodic current ( Figure 5A ) and degrading acetate, but also, as in Figure 4 , by an associated pH drop in the anolyte ( Figure 5B ). As expected, the anolyte acidification had slowed down the anodic activity of the biofilm and the current declined significantly even though acetate was still present in excess (>3 mM).
When switching on the N 2 flow (~21-27 h, Figure 5B ), the current and acetate degradation resumed as explained the rise in pH caused by the alkalinity transfer from the catholyte (as ammonia) to the anolyte. The BES now operated sustainably without a marked drift in anolyte pH. Repeating the stopping and starting of ammonia exchange by N 2 transfer showed the same principal effect.
Further, the result also suggested that cations other than ammonium (sodium and potassium) also migrated across the CEM from the anolyte to the catholyte, but unlike ammonium which could be removed from the catholyte as a gas, both sodium and potassium accumulated in the catholyte during current production ( Figure 5 C and   D ). This observation clearly highlights the uniqueness of ammonium as both the charge-balancing species and recyclable alkalinity carrier in a BES system.
Diffusional ammonia transfer from cathode to anode
Using nitrogen to strip off the ammonia gas from the catholyte and recycle the ammonia containing nitrogen gas stream into the anolyte incurs extra energy to the extent where the energetic sustainability of a BES would become questionable.
Further, in BES where H 2 is produced at the cathode, this valuable fuel gas would be lost via dilution with N 2 . Instead of continuously purging N 2 through the cell, the recycling of ammonia could in theory be done by allowing the ammonia gas to vent from the catholyte and diffuse back to the anolyte. For this purpose a sufficiently large "gas exchange window" between the gas space of anodic and cathodic chamber would need to be used. This could be accomplished in a number of ways, including the use of a gas permeable membrane.
To test whether diffusional gas exchange between the gas spaces of anodic and cathodic chamber enable adequate ammonia transfer, a separate apparatus was designed to act as the extended gas space of the two chambers ( Figure 2 ). The anolyte recycle was used to wet a vertically mounted gas permeable cloth that acted as the gas diffusion window, while the catholyte recycle was via a spray to facilitate NH 3 transfer from the alkaline catholyte to the gas phase (Figure 2 ). The vented NH 3 in the gas phase of the apparatus is expected to readily dissolve in the water saturated cloth which served as an ammonia scrubber. The anolyte acidity was thus neutralized with the aim of sustaining the anodic microbial activity. Below the effectiveness of this ammonia looping technique for sustaining the microbe-driven current of a CEM-BES is described ( Figure 6 ).
With the ammonia recycling apparatus (Figure 2 ) disconnected, the CEM-BES responded to the addition of an acetate spike (10 mmols) by instantly producing an anodic current and a decrease in anolyte pH to about 5.8. At this stage, another acetate addition (Ac 2 in Figure 6 ) did not resume the current demonstrating again that the CEM-BES had become inactive due to acidification of the anolyte. As soon as the gas exchange by the described apparatus was enabled, the anolyte pH was neutralised almost immediately ( Figure 6B ) allowing sustained current close to the maximum rate of this particular anodic biofilm as long as acetate was available. Renewed acetate addition at 55 h resumed the current. When the gas exchange between anolyte and catholyte was interrupted (~78 h) the anodic current could not be sustained again due to the anolyte acidification. By merely allowing the gas diffusion window between anodic and cathodic chamber (at ~96 h), continued current production could be sustained for several days as long as the anodic substrate (acetate) was not limiting (data not shown).
It was noticed that a net gas pressure build-up in the system occurred, presumably due to cathodic hydrogen production as the system was anaerobic and the cathode was maintained at highly reducing (negative) potentials (< -2V vs. Ag/AgCl, Figure 6C ). This gas was released from the system via the vent (Figure 2) , and may have participated in stripping of the NH 3 from the catholyte to the gaseous phase.
Hydrogen transfer from the cathodic chamber to the ammonia recycling apparatus can be explained by minute bubbles visible in the catholyte. However, due to its poor solubility compared to ammonia the transfer of hydrogen to anodic chamber is expected to be minimal.
Practical considerations
The experiments suggest that sustained current production in a CEM-BES is possible only if the anodic biofilm was operated under a neutral pH condition.
Maintaining such a condition is difficult particularly for systems designed for high current output (Marcus et al. 2011; Picioreanu et al. 2010 ). This study demonstrated that without using conventional active pH control methods (e.g. regular dosage of alkali hydroxide or pH buffering chemicals), a relatively high anodic current (110 mA;
688 A m -3 net anodic chamber volume; 500 A m -3 total anolyte volume) could be sustained if a simple ammonia recycle via gas diffusion was implemented.
Although the diffusivity of protons is about five times higher than that of ammonium (9.31 × 10 -5 vs. If relying on ammonia as the proton carrier in a BES, the use of N 2 as the recycling agent of ammonia has been described as a proof of concept (Cord-Ruwisch et al 2011). However, due to costs and dilution of cathodic hydrogen the use of external N 2 is likely to be impractical for most applications. The gas exchange apparatus described in the present study showed immediate effects on anolyte neutralization and the production of anodic current, suggesting that the current was not limited by the rate of ammonia recycle but by the rate of microbial electron delivery to the anode. Accordingly, simpler and smaller gas exchange devices could be designed. Further research is warranted to explore how efficient a BES process with the proposed NH 3 recycling mechanism could sustain cathodic hydrogen production.
A further step towards implementing low energy ammonia recycle as a buildin proton carrier in BES could be the use of a gas permeable membrane between anolyte and catholyte or to develop and use a gas permeable cation exchange membrane. Such a system would not depend on the physical movement of anolyte and catholyte also should enable a more effective low-energy NH 3 recycle. To what extent membrane-free BES could profit from ammonium as proton carriers is yet to be investigated. It is conceivable that by using gas permeable membranes as part of the ion exchange separator (e.g. a CEM that is also gas permeable) the ammonia recycle could become a seamless feature of a BES.
The presented work shows that ammonia readily migrates from the anode to the cathode against a rather strong diffusion gradient (~10 fold, Figure 3B ). In principle that would mean that ammonium containing wastewaters treated in the BES anode would be likely to lose ammonia by migration to the catholyte. If this effect can be used to concentrate up ammonia by 10 or even 100 fold a novel way of ammonia recovery from wastewater could be envisaged.
Conclusions
Overall, this study demonstrates that by continuously recycling ammonia from the catholyte to the anolyte in a CEM-BES, neutral pH condition desirable for the anodic biofilm could be maintained without using conventional pH control methods (e.g. regular dosage of alkaline hydroxide or pH buffering chemicals). The use of the proposed gas exchange device was effective to recycle the ammonia without using energy-intensive N 2 stripping of the catholyte. This approach of pH control in BES systems has not been reported elsewhere, and it has the potential to be further developed to achieve recovery of ammonia from wastewaters.
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